Hydrogen sulphide (H 2 S) has been considered as a toxic gas for a long time till new researches discovered the endogenous H 2 S effects on physiological and pathological processes. In virtue of H 2 S's effects on cellular redox imbalance and aspirin's good anticoagulation property, exogenous H 2 S donors, such as H 2 S-releasing aspirin (ACS14), have been explored to attenuate side effects of aspirin on gastrointestinal mucosal damage. However, existing researches mainly focus on the antithrombotic effects. Considering H 2 S role in angiogenesis and vascular-protection progress, we herein focused on if ACS14 further has the ability to attenuate oxidative lesion and inflammation in human umbilical vein endothelial cells (HUVECs) and macrophages. In this study, we synthesized ACS14 by 5-(4-methoxyphenyl)-1,2-dithiole-3-thione and o-acetylsalicylic acid (aspirin), and the obtained compounds showed the ability to release H 2 S. Our data illustrated that both aspirin and ACS14 had good cytocompatibility, and could support the proliferation of HUVECs. And, ACS14 was found to be able to promote 1.6 folds increase compared to aspirin. H 2 S released from ACS14 was detected inside cells, wherein H2S fluorescence intensity increased twofold in 5 μM and 10 μM ACS14 groups than 1 μM group. Owing to reactive oxygen species inside cells being obviously decreased in ACS14 group, the apoptosis rate of HUVEC herein was reduced as low as 1.6% from 60% of blank group. Meanwhile, the tumour necrosis factor alpha release in macrophage was also declined by 15% in ACS14 groups than the others. Basically, the ACS14 we obtained had the cyto-protective and anti-inflammatory capabilities. Potential applications for vascular intima repair in atherosclerosis are further expected.
INtRODUctiON
Once being considered as a poison gas for a long time, 1 hydrogen sulphide (H 2 S) playing a positive role in physiological progress has attracted increased attention recently, 2,3 which has been even ranked as the third gaseous mediator in mammals right after nitric oxide and carbon monoxide. 4, 5 Endogenous H 2 S are mostly generated based on three enzymes: cystathionine β-synthase, cystathionine γ-lyase, 3-mercaptopyruvate sulfurtransferase, [6] [7] [8] all of which catalyse different substrates and thus synthesize H 2 S corresponding to specific tissues. Different from neurotoxins, H 2 S can actually initiate cellular recovery signal through three routes of metal center interactions, reactive oxygen species (ROS)/reactive nitrogen species scavenging, and S-persulfidation. 9 H 2 S can up-regulate the expression of vascular endothelial growth factor of endothelial cells (ECs) and stimulate angiogenesis process. 10, 11 H 2 S has been also shown to stimulate adenosine triphosphate-sensitive potassium channels in cardiomyocytes, neurons and vascular muscle cells, relax myocardia to maintain cardiac homeostasis by modulating intracellular calcium cycling. [12] [13] [14] [15] Besides, via increasing the S-sulfhydration of mitogen-activated extracellular signal-regulated kinase 1 to activate extracellular regulated protein kinases 1/2 in both ECs and fibroblasts, H 2 S can correspondingly mediates DNA damage repair and attenuates ROS production. 16, 17 Its reductibility property further helps H 2 S better protect cells from oxidation stress, and balances the microenvironmental redox. 18, 19 The important protective role of H 2 S played in cardiovascular system is also found on oxidized low density lipid. 20 Oxidized low density lipid induced inflammation can be suppressed by H 2 S-induced p65 S-sulfhydration, which has been additionally discovered to be able to regulate nuclear factor-kappaB and thus activate anti-apoptotic genes promoters. 21, 22 Despite many positive effects, H 2 S seems beneficial and promising in treatment of diseases like atherosclerosis under oxidative stress and inflammatory environment. To produce H 2 S continuously, 2-acetyloxybenzoic acid 4-(3-thioxo-3H-1,2-dithiol-5-yl)phenyl ester (ACS14) as one of H 2 S releasing donors is synthesized by 5-(4-methoxyphenyl)-1,2-dithiole-3-thione (ADT) and acetylsalicylic acid (aspirin). 23 Aspirin usually serves as an antiplatelet and anti-inflammation drug, facilitating the reduction of acute coronary and cerebrovascular events. 24, 25 But the gastrointestinal side effects are a major application limitation, 26, 27 which can be spared by ACS14 via the influence H 2 S release on redox imbalance. 28, 29 Compared to mother compound aspirin, ACS14 has additional inhibition
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An-Sha Zhao 1, 2, #, * , Dan Zou 1, 2, # , Hao-Hao Wang 1, 2 , Xiao Han 1, 2 , Ping Yang 1, 2 , Nan Huang 1, 2 on platelet aggregation via releasing H 2 S which depressing gap junction intercellular communication, 29 and also ACS14 exerts strong antithrombotic properties by impairing the activation of fibrinogen receptor. 28 Another research additionally indicated that ACS14 could attenuate the high-glucose-induced oxidative stress on smooth muscle cells. 30 Briefly, ACS14, based on mother aspirin, has good hemocompatibility that is required for treating atherosclerosis. In light of these findings, we herein further investigated the oxidative stress-protective ability and anti-inflammatory effect and synthesized ACS14 on the basis of ADT and o-acetylsalicylchloride. Our priority aimed to get ACS14 and test the H 2 S release behaviour, investigate its cytocompatibility, and examine to what extent ACS14 can protects cells against the pro-atherosclerotic environment induced by oxidative stress and inflammation.
MateRials aND MethODs

Demethylation of anethol trithione
ADT (Sigma, St. Louis, MO, USA) reacted with pyridine hydrochloride (Capot Chemical Co., Ltd., Shanghai, China) at 215 o C for 40 minutes in a mol ratio of 1:5, and stirring was no stopped until at room temperature. Then, 1 M hydrochloric acid of 200 mL was added into and stirred continuously for 1 hour. Precipitates were obtained via filtering, washed with deionized water and got perfectly dried. Later, precipitates were mixed in ethyl acetate and heated in oil bath at 85 o C. Once precipitates were completely dissolved, ligarine was added for precipitation. After cold treatment at -20 o C for 1 hour, 5-(4-hydroxy-phenyl)-3H-1,2-dithiole-3-thione (ADTOH) was obtained in brownish red color, and analyzed by nuclear magnetic resonance spectroscopy (MRS) (Bruker, AVANCE III HD 400M, Madision, WI, USA) and mass spectrum (MS) (Dionex, Mass spectrometer ICS90, Sunnyvale, CA, USA).
synthesis of h 2 s-releasing acs14
ADTOH, o-acetylsalicyloyl chloride (Sigma) and triethylamine (Capot Chemical Co., Ltd.) were in a mol ratio of 1:1.2:2. Both ADTOH and o-acetylsalicyloyl chloride were dissolved in tetrahydrofuran (Capot Chemical Co., Ltd.). AD-TOH solution in two-neck flask was added with trimethylamine and stirred. O-acetylsalicyloyl chloride solution in dropping funnel was protected by water-free nitrogen and gradually added into flask under icy bath condition. Reaction was performed at room temperature for 6 hours. Then, reacted solution was put into separating funnel and respectively washed by 0.25 M hydrochloric acid, deionized water, 0.1 M iced sodium hydroxide. Organic phase was finally collected into beaker with sodium sulphate added for 3 hours stirring, and got dried in rotary evaporator. Obtained sample was dissolved in ethyl acetate, heated up to 90 o C in oil bath. Ligarine was added to get precipitates. After same cold treatment as mentioned above, high-purity H 2 S-releasing ACS14 was obtained in brownish red color, detected by MRS and MS. h 2 s release ACS14 samples were mixed with phosphate buffered saline (PBS), and incubated with 200 µM H 2 S-specific fluorescent probe HSip-1 (Dojindo, Kumamoto, Japan) at room tempera-ture for 30 minutes to detect H 2 S release in solution. The fluorescent intensity was measured by fluorospectrophotometer at 530 nm (Hitachi F-4500, Tokyo, Japan).
cell culture and cytocompatibility
Human umbilical vein endothelial cells (HUVECs) were obtained from newborn umbilical cord (West China Hospital of Sichuan University, Chengdu, China) for research only with the consent by the puerpera, and RAW264.7 cells were sub-cultured at 37 o C with 5% CO 2 for no more than seven passages until a flask was 80% covered. ECs were cultured in DMEM/F12 (Hyclone, Logan, UT, USA) and 10% fetal bovine serum (Hyclone); macrophages were in DMEM High Glucose (Hyclone) and 5% fetal bovine serum (Hyclone). Media was refreshed in advance for subsequent use. Endothelial cells were digested by 0.25% typsin firstly, 1 mL cells of 1 × 10 4 cells/mL were seeded and cultured with 1, 5, 10 μM ACS14, 10 μM aspirin (ASA) (Sigma), 10 μM dimethyl sulfoxide (DMSO), on 24-well plate for 1-and 3-day culture at 37 o C with 5% CO 2 . ACS14 was dissolved in DMSO. Cell counting kit-8 kit (Sigma) was used to test cell viability assay at 450 nm, and phalloidin (Sigma) and 4,6-diamino-2-phenylindole (Sigma) was used for staining. Images were taken by Fluorescence microscopy (Olympus IX51, Tokyo, Japan). 31, 32 anti-oxidative lesions property Cell culture process was the same as above. Briefly, ECs were digested firstly, and 1 × 10 4 cells were cultured with ACS14 on culture plate for 24 hours. Then, culture media was removed and 400 μM H 2 O 2 was added in each sample. Cells were re-cultured for 12 hours at 37 o C, and 1 mL culture media with 10 μL acridine orange (Sigma) and 10 μL propidium iodide (Sigma) were added to stain living and apoptotic cells. Fluorescence microscopy was used to observe cells activities, and cell numbers were calculated in ImageJ Software (NIH, Bethesda, MD, USA).
anti-inflammation property
Macrophages solution of 2 × 10 4 cells/mL were seeded on 24-well culture plates and cultured with ACS14 for 24 hours at 37 o C with 5% CO 2 . Then cells were re-cultured for 24 hours with fresh culture media after washing by PBS. Supernatant was collected for inflammation related factors detection by tumor necrosis factor alpha (TNF-α; Bioss Antidodies, Beijing, China) and interleukin-10 enzyme-linked immunosorbent assay kit (Bioss Antidodies), and cell viability was tested by cell counting kit-8 kit (Sigma) at 450 nm. Cells were stained by Rodamine123 (Sigma) and 4,6-diamino-2-phenylindole for morphology observation and images were obtained by fluorescence microscope (Olympus IX51).
h 2 s detection in cells
HUVECs were cultured with each sample on coverslips for 24 hours, and then incubated with 250 μM H 2 S fluorescent probe WSP-1 (Maokangbio, Shanghai, China) for 30 minutes at 37 o C away from light. After washing by PBS, cells were imaged at 476 nm by fluorescence microscope, and the fluorescent intensity was measured by Image J software.
ROs detection in cells
HUVECs and macrophages were respectively seeded on coverslips and cultured with samples for 24 hours and then treated with 400 μM H 2 O 2 for 12 hours. After washing by PBS, cells were incubated with 10 μM ROS fluorescent probedihydroethidium (Maokangbio, Shanghai, China) at 37 o C for 30 minutes away from light. Solution was removed for detection. Cells were observed and photographed at 488 nm using fluorescence microscope, with the fluorescent intensity measured by ImageJ software. 33 statistical analysis Data were expressed as the mean ± standard deviation (SD). Two groups were compared via two-tailed Student's t-tests, and groups more than two were analyzed via one-way analysis of variance. The probability values P < 0.05 was considered as significant differences. All statistical analysis was performed using SPSS 20.0 Software (IBM SPSS, Chicago, IL, USA).
ResUlts
Demethylation of aDt and synthesis of acs14
To obtain demethylated products ADTOH, ADT was reacted with pyridine hydrochloride in a mol ratio of 1:5 at 215 o C for 40 minutes (Figure 1A) . Then, both raw material ADT and ADTOH were dissolved into CDC13 for 1 H MRS characterization. Besides the CDC13 peak at δ7.20-7.24, ADT ( Figure  1B) and ADTOH ( Figure 1C ) classically showed the double proton peaks of benzene ring at δ6.9-7.0 and δ7.55-7.65, and a single peak of five-membered ring at δ7. 35-7.4 , which matched with each other perfectly. Furthermore, the data had shown the presence of methyl proton peak at δ3.8-3.9 in ADT, which disappeared in ADTOH after demethlylation. MS was employed to confirm the existence and ratio of ADTOH in compounds. The results (Figure 1D ) showed that the highest peak was located at 226.96, which was assigned to 225.96 ADTOH with one proton added. These data suggested that ADT had been demethylated successfully.
Demethylated product ADTOH was reacted with o-acetylsalicyloyl chloride to obtain ACS14 (Figure 2A) , and 1 H MRS and MS was respectively applied to confirm the specific proton peaks and the compounds molecular mass. In Figure 2B , proton peaks at δ8.15-8.25 and δ7.6-7.8 were attributed to the benzene ring of o-acetylsalicyloyl chloride; peaks at δ7.15-7.23 and δ7. 28-7.35 were assigned to the benzene ring of ADTOH; peaks at δ7.56-7.45 and δ2. 25-2.35 were respectively ascribed to the five-membered ring of AD-TOH and methyl group in o-acetylsalicyloyl chloride. The results had shown a weak peak shift due to structure change after reaction, but each peak can match with their chemical structures. Moreover, MS data in Figure 2C confirmed the ACS14 products via molecular mass. Peaks at 388.9964, 410.9794 and 426.9577 were respectively the molecular mass of ACS14-H, ACS14-Na and ACS14-K. In addition, ACS14 products accounted for more than 95% in the compounds. These data indicated that H 2 S-releasing ACS14 was successfully synthesized and obtained in a high purity.
H 2 S release
Here, we investigated the H 2 S releasing properties of ACS14 with concentration of 300 μM by HSip-1 (Figure 3) . Given that ACS14 and HSip-1 might have own fluorescence emission, both were taken into test consideration. The data illustrated that ACS14 itself actually did not show any fluorescence intensity and would have no potential interference. In contrast, HSip-1 group presented an absorbance peak. But based on this, ACS14 with HSip-1 had shown a 1.5-fold higher fluorescent intensity than HSip alone. Basically, the results confirmed that there was H 2 S generated in solution by ACS14, which then can serve as a gas donor for use.
cytocompatibility of h 2 s-releasing acs14
With H 2 S donor ACS14 obtained, cytocompatibility of six groups were investigated next: blank, DMSO, ASA, ACS14 1 μM, ACS14 5 μM, and ACS14 10 μM groups. Endothelial cells were co-culture with samples for 1 and 3 days. At the beginning, DMSO, ASA and ACS14 had no impact on cell adhesion on day 1; cells were in normal morphology and spread well without cytotoxicity observed in any groups (images not shown here). ECs numbers increased significantly in the presence of ACS14 10 μM (Figure 4B) , having obvious growth difference with all other groups. Also, cells in ASA group increased in number compared to blank control, and kept similar viability with cells in ACS14 1, 5 μM groups. But at day 3 as fluorescent images in Figure 4A , big proliferation difference appeared in each group. In contrast to a lower viability of ASA group, cell viability gradually increased with ACS14 concentration, and 10 μM ACS14 facilitated ECs proliferation most, about 1.6 folds than ASA (Figure 4B) . Having examined the cytocompatibility of samples, we applied WSP-1 to monitor the intracellular H 2 S. In consistence with proliferation results, cells in ACS14 group showed obvious green H 2 S fluorescence ( Figure 5A) with little fluorescence detected in other groups, and a twofold increase in fluorescent intensity was observed in ACS14 5 μM and 10 μM groups than ACS14 1 μM group (Figure 5B) . In brief, ACS14 is cytocompatible, and could support ECs proliferation through H 2 S release into cells.
anti-oxidation ability of acs14
ECs were seeded with samples for 24 hours, and then recultured for extra 12 hours in the presence of 400 μΜ H 2 O 2 .
To observe to what extent ECs were damaged, cells were respectively stained by acridine orange/propidium iodide and dihydroethidium, and subsequently were lively imaged. Cells in blank group only added with H 2 O 2 , were extremely sensitive to oxidation, resulting in a dramatic increase in apoptosis rate as well as cells in DMSO (Figure 6A) , of which, as Figure  6B showed, the apoptosis rates approached to 60% with other groups below 10%. In contrast, ECs in both ASA and ACS14 groups maintained normal morphology and viability as cells in control group (no H 2 O 2 ), with apoptosis rate in ACS14 reduced to 1.6% from 4.7% in ASA. Furthermore, we examined the ROS production of ECs after H 2 O 2 treatment. The nuclei fluorescence in ACS14 groups was the lowest with ASA having a half fluorescence decrease in comparison with control group (Figure 7) . These results demonstrated that in the event of H 2 O 2 treatment, ECs viabilities in ACS14 and ASA groups were apparently higher than those in blank and DMSO groups.
Being confirmed via intracellular ROS detection, ACS14 protective effects by releasing H 2 S could more effectively enhance the anti-oxidation lesions ability of ECs than ASA. www.medgasres.com
anti-inflammation ability of acs14
To investigate the anti-inflammation potential of ACS14, RAW264.7 macrophages were cultured in the presence of samples for 1-3 days. Compared to macrophages in the first 24 hours (Figure 8A) that blank group has more cells adhered on the surface, macrophages on the 3 rd day showed a higher viability in the presence of ASA and ACS14 than blank and DMSO groups (Figure 8B) . Essentially, macrophages proliferated in a similar way with ECs that big differences appeared at day 3 and ACS14&ASA groups had a 30% higher increased cell numbers than others (Figure 8C) . To confirm inflammation condition further, we thereafter measured the inflammatory factor TNF-α in macrophages, followed with the detection of ROS generation which was correlated with the activation of pro-inflammatory signal pathway nuclear factor-kappaB. ACS14 and ASA groups having higher cell amounts showed 15% decreased TNF-α content compared with control with lower cell numbers (Figure 8D ). Correspondingly, we tested ROS level which is related to macrophages activation and TNF-α release. In Figure 9A , cells themselves and DMSO did not show any effect on ROS reduction under oxidative context. However, it was obviously observed in the presence of ASA and ACS14. Macrophages cultured with ASA had a 20% lower intracellular ROS fluorescent intensity than counterparts in Blank and DMSO, with 1 μM ACS14 having the same effect. However, macrophages cultured with 5 μM and 10 μM ACS14 showed a 60% dramatic decrease of ROS generation (Figure 9B) . That is to say, via reducing ROS production and TNF-α release, both ACS14 and ASA have the potential to protect macrophages against H 2 O 2 induced oxidative injury and enhance anti-inflammation ability of macrophage, and 5 μM and 10 μM ACS14 had a more outstanding performance. 
DiscUssiON
In recent year, H 2 S, produced in mammal cells via three H 2 S producing enzymes, cystathionine β-synthase, cystathionine γ-lyase and 3-mercaptopyruvate sulfurtransferase, has been reported to possess versatile physiological benefits. Exogenous H 2 S donors were continually explored to assist different endogenous progresses. One H 2 S donor ACS14 was manufactured on the basis of aspirin, aiming to maintain or enhance aspirin's hemocompatibility as well as ameliorate the situation via H 2 S that mother compound aspirin would cause gastrointestinal mucosal damage in spite of outstanding antithrombotic effects. 29 H 2 S released from ACS14 can increase glutathione formation and heme oxyenase-1 promoter activity, resulting in a lower level of 8-isoprosrane, and concurrently the intracellular H 2 S/glutathione formation could counteracts gastric damage-related redox imbalance. 34 By virtue of ACS14's outstanding hemocompatibility quite expected in vascular microenvironment, we further focused on whether or not ACS14 has anti-oxidative lesion and anti-inflammation abilities, which are also critical in the progress of vascular intima repair for atherosclerosis.
Here, by anetholo trithionum and o-acetylsalicyloyl chloride, we successfully prepared demethylated anetholo trithionum and thereafter synthesized H 2 S-releasing product ACS14. The fact that the intensity fluorescence of probe-marked H 2 S is 1.5 folds than probe itself confirmed the obtained ACS14 could serve as an exogenous H 2 S provider. Also, compared to aspirin and blank groups, our results showed ACS14 had better cytocompatibility and significantly increased HUVECs viability, in the presence of which, H 2 S was obviously detected inside cells in ACS14 group, indicating that H 2 S released by ACS14 could become assimilated and utilized by cells. Although almost no H 2 S was detected in aspirin group, HUVECs cultured with aspirin still showed certain viability enhancement, attributing to aspirin's capability to stimulate cyclic guanosine monophosphate level and increase nitric oxide bioavailability. 35 In order to investigate ACS14 potential for intima repair in the context of AS inflammatory microenvironment, we examined its cyto-protective property. Under the condition of H 2 O 2 induced oxidative injuries, ACS14 and aspirin, compared to blank group, respectively reduced the apoptosis rate from 60% to 1.6% and 4.7%, with ACS14 showing best cyto-protective property. Our ROS detection results further deciphered this. Just in consistent with Osborne et al.'s research, 36 aspirin cultured with HUVECs could half reduce intracellular ROS level than blank group, with ACS14 decreasing ROS production most which is the same as Feng's finding in H9C2 cells. 37 That ACS14 has better anti-oxidation protective property might be benefited from the combined effort, since both aspirin and H 2 S were reported to have antioxidant effects. According to early studies, aspirin was able to prevent the increase of intracellular ROS formation by elevating hemeoxyenase-1 protein, ferritin and telomerase content levels, 35, 38, 39 while released H 2 S which can enter into cytoplasm as detected previously, can elevate the intracellular cysteine levels and form a free radical scavengers glutathione. 40 The cyto-protective effect of aspirin and ACS14 was also found on macrophages. As being reported to augment the anti-inflammatory effects by Li et al., 23 H 2 S released from ACS14 could slightly lessen TNF-α release without cell numbers reduction, which was correlated with intracellular ROS generation and macrophages activation. Macrophages cultured with aspirin had 20% decrease of ROS production than blank group, with 5 μM and 10 μM ACS14 showing the lowest ROS signal. However, 1 μM ACS14 only showed the same ROS scavenging effect as aspirin. Although both aspirin and H 2 S can impede the pro-inflammatory progress via inhibiting nuclear factor-kappaB expression under oxidation condition, 41, 42 ACS14 at low concentration still possessing aspirin's anti-inflammation ability, would fail to further obviously enhance related effects on macrophages. This finding indicated that ACS14 alleviate inflammation based on the efforts of aspirin and H 2 S by reducing ROS production and TNF-α synthesis. Those evidences suggested that ACS14 can promote HUVECs and macrophages proliferation, protect HUVECs and macrophages from oxidation lesions, mitigates inflammation. Taken together, besides the outstanding hemocompatibility as researches reported, ACS14 further had cyto-protective and anti-inflammatory capabilities, which is quite promising to serve as a H 2 S donor to be applied in the context of atherosclerosis for vascular intima repair.
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